Abstract: In this study, we examine the changes in loudness due to the arrival direction and distribution width of a sound. Loudness is conventionally measured by using an omnidirectional microphone. However, this measurement does not take into account the influence of diffraction caused by a listener's head and auricles. That is, it does not include any information on the arrival direction and distribution width of a sound. Loudness was measured by taking the direction and width into account with a dummy head, and subjective tests were conducted to compare the test results with those measured by using the head. It is revealed that loudness varies depending on the arrival direction and distribution width of a sound source, and it differs from that measured by using an omnidirectional microphone. Additionally, it is possible to quantitatively determine the variation in loudness (as a sound pressure level) from the arrival direction and distribution width of a sound source for noise evaluation.
INTRODUCTION
When designing products, particularly to ensure that they perform as specified, their acoustic design -as added value -is important. An acoustic design has two aspects, namely, low noise and high sound quality. Low noise is an aspect initially addressed in the acoustic design of products, and it is generally evaluated with a physical index called ''A-weighted sound pressure level'' (A-SPL). High sound quality is an aspect addressed mainly in regard to products such as cars and home appliances, and it is measured with subjective evaluation indexes such as loudness and sharpness. In this study, among the several subjective evaluation indexes available, loudness, which is said to correspond relatively well to A-SPL, is focused on.
The basic studies on calculating loudness were reported more than 55 years ago [1, 2] . The results of these studies were standardized in ISO 532(1975) [3] , and the Zwicker method was recently standardized in ISO 532-1(2017) [4] .
In recent years, a study was reported on calculating loudness on the basis of the assumption that sound is at an absolute threshold, namely the Moore-Glasberg method [5, 6] , and the method was recently standardized in ISO 532-2(2017) [7] . The loudness values calculated by ISO 532-1(2017) and ISO 532-2(2017) differ from each other because the calculation methods differ. Loudness in this study was calculated by using ISO 532-1(2017) (Zwicker method) .
ISO 532-1(2017) [including the previous standard ISO 532 (1975) ] is widely applied to commercially available software for evaluating sound quality. According to this standard, a target sound is measured by using an omnidirectional microphone, and its loudness is calculated in consideration of the masking within the critical band. However, because this microphone is used, influences such as diffraction caused by a listener's head and auricles are not taken into consideration. That is, the measured loudness does not include information on the arrival direction of the sound.
In a pertinent study from more than 55 years ago, the use of a circular array of 12 loudspeakers positioned at intervals of 30 was experimentally verified in an anechoic chamber to measure loudness depending on the arrival direction of a sound [8] . After that, a method of estimating the changes in loudness was studied by using a binaural recording in a free sound field [9] [10] [11] [12] [13] or a diffuse sound field [14] . Additionally, a directional loudness model was analytically verified that takes into account the influences of the auditory periphery and ear canal or ear drum [15] , and the modeling of binaural loudness was proposed [16] . Furthermore, for multichannel sound used for broadcasting services, the weighting factor of the loudness level to be set for each channel (loudspeaker) positioned in various directions was measured in a subjective test [17] . However, the sound source used in these studies was a single sound source with a very narrow distribution width. When people use trains, elevators, and other large manufactured products, they are enclosed in the space created by the product. A large number of sound sources are often widely distributed in that space, and it is assumed that those sound sources influence the noise generated by the product. Specifically, the loudness of two products, for example, may differ if the A-SPLs of these products are the same but the widths of the distributed sound sources differ. Therefore, if information about the arrival direction and distribution width of a sound source and the changes in loudness can be obtained, a novel acoustic-design guideline (based on loudness determined in consideration of the arrival direction and source distribution of a sound, not conventional A-SPL) can be formulated. Additionally, the guideline may be used to provide product sound with high added value.
The aims of this study are two-fold: to evaluate the changes in loudness depending on the distribution width of a sound source and to propose a novel acoustic-design guideline for evaluating noise on the basis of loudness determined in consideration of the arrival direction and distribution width of a sound source. First, loudness is calculated in consideration of the arrival direction and distribution width of a sound source. Second, the change in loudness is determined in consideration of the arrival direction and distribution width of a sound source measured by using a dummy head and with subjective tests. Finally, the variation in loudness (as a sound pressure level) due to the arrival direction and distribution width of a sound source is obtained from the measurements using the dummy head.
CALCULATING LOUDNESS
Two procedures for calculating loudness, namely, the standard one using an omnidirectional microphone and the one that considers the arrival direction and distribution width of a sound source, are compared in Figs. 1(a) and 1(b), respectively. In the standard procedure [4] , the time response p mon ðtÞ is measured by using an omnidirectional microphone. The frequency spectrum jP mon ð f Þj at the center frequency in the one-third-octave band is calculated from p mon ðtÞ, and loudness N mon is calculated in consideration of the masking within the critical band.
In the standard procedure, loudness is calculated from sound information measured by using an omnidirectional microphone. Therefore, note that this calculation does not take into consideration diffraction effects. However, a listener perceives the sound and judges the magnitude of the loudness (sound strength). A listener may perceive the acoustic energies of two sound signals received by the left and right ears as a single acoustic energy. The signals obtained by both ears are influenced by diffraction effects caused by a listener's head and auricles. In other words, the signals are affected by the arrival direction and distribution width of a sound source. The calculated loudness therefore does not include information on the arrival direction and distribution width of a sound source.
In this study, to consider the arrival direction and distribution width of a sound source, loudness is calculated by using a dummy head according to the procedure shown in Fig. 1(b) [9] . Time responses p L ðtÞ and p R ðtÞ of the left and right ears when the sound arrives from a single direction and a distribution width are measured by using the dummy head, the frequency spectra jP L ð f Þj and jP R ð f Þj at the center frequency in the one-third-octave band are calculated from p L ðtÞ and p R ðtÞ, and the binaural summation of the frequency spectra, jP sum ð f Þj, is calculated by using the ''binaural loudness summation'' given as: (a) (b) Fig. 1 Procedures for calculating loudness. (a) Standard procedure using omnidirectional microphone [4] ; (b) procedure that considers arrival direction and distribution width of sound source measured with dummy head [9] .
where L L and L R are sound pressure levels in the left and right ears (dB), g is the binaural gain constant, and L sum is the summed sound pressure levels (dB). For a constant g, L sum , calculated by substituting g ¼ 3, corresponds well with that determined in a subjective test [9] . In this paper, g ¼ 3 was applied for calculating the sound pressure level perceived by a listener. Finally, binaural loudness N sum is calculated with the same method provided by the standard. In the procedure in Fig. 1 , N mon and N sum differ because the responses of both ears differ depending on the arrival direction of a sound source, which depends on the diffraction effects and distribution width of a sound source.
MEASURING LOUDNESS FOR SINGLE SOUND SOURCE
Loudness was measured with various arrival directions and distribution widths of sound sources by using a dummy head. The important factor regarding the arrival direction of sound is the distribution width of the sound source. Two sound source types with different widths were therefore used: a single sound source with a very narrow-distribution width and distributed sound sources with a certain width. In this section, the changes in loudness for a single sound source were first evaluated through measurement with a dummy head and subjective test. The measurement setup for a single sound source using a dummy head is shown schematically in Fig. 2 . A table covered with an absorber was installed in the center of an anechoic room, and a turntable (Brüel & Kjaer type 5960) and a dummy head (Brüel & Kjaer Type 4100) with microphones (Brüel & Kjaer Type 4190-L-002) installed at the entrances of the left-and right-ear canals was set on the table. The height from the floor to the center of the head was 1,485 mm. A semicircular frame covered with an absorber, with a radius of 1,230 mm, was fixed so that the center of the frame was at the same height as the center of the head. The front of the dummy head was defined as being positioned at an elevation angle of 0 and an azimuth angle of 0 . Jigs were installed on the frame for positioning the loudspeakers (Genelec 6010A) at elevation angles every 10 from À90 (under the head) to 90 (above the head). The dummy head was rotated counterclockwise at azimuth-angle intervals of 10 from À180 to 180 by using the turntable so that the angle on the right ear side was a positive value. Thus, the total number of sound sources (the combination of elevation and azimuth angle) was 614 points.
The point at which loudness was measured according to the standard shown in Fig. 1 (a) was at the center of the dummy head when the head, turntable, and table were removed. A microphone (Brüel & Kjaer Type 4190) with a preamplifier (Brüel & Kjaer Type 2669) that was installed at that measurement point was assumed to be omnidirectional. The loudspeaker was installed only at an elevation angle of 0 and an azimuth angle of 0 . The signal output from each loudspeaker was used as white noise. The sampling frequency was 48 kHz, and the duration of the analysis signal was 5 seconds. A personal computer (PC) was used that was equipped with an audio interface (RME Fireface UCX). The signals obtained by the microphones were amplified by a preamplifier (Brüel & Kjaer Type 2690). The PC was used for controlling the outputs and obtaining the signals.
Results
Relative sound pressure levels (SPLs) are shown in Fig. 3 . At the azimuth angle of 0 shown in Fig. 3 (a), the difference in the levels at the center of the dummy head and both ears was small up to 1.6 kHz. The difference was large at 1.6 kHz or higher; particularly, the difference was the largest at 4 kHz. This tended to be similar to head-related transfer functions [18] . In Figs. 3(b) and 3(c), the summation of SPLs measured at both ears was dominated by the level that was larger in one of the ears. The reason for this is that the summation was strongly influenced by the larger level of the SPLs measured at the left and right ears as shown in Eq. (1).
As shown in Fig. 3 , the difference between the summation of SPLs measured at both ears of the dummy head and the levels measured at the center of the head is indicated by a loudness ratio. The loudness ratio R s,e is defined as: where is the azimuth angle at which sound arrives, 0 is the elevation angle at which sound arrives, N s,e,sum is the entire loudness measured by using the dummy head, and N s,e,ref is the entire loudness used as a reference for calculating the loudness ratio. The variation in the loudness ratio for a single sound source used as a reference to the center of the head (N s,e,ref ¼ N s,e,mon ) is shown in Fig. 4 . The loudness ratio, except for that of the positions of the loudspeakers, was linearly interpolated. When R s,e is 1 (R s,e ¼ 1), N s,e,sum is equal to N s,e,mon (the color of the contour shown in Fig. 4 is white), which is the standard loudness measured by using an omnidirectional microphone. Moreover, because of the influence of diffraction effects caused by the desk and the turntable, the data, in the region where the elevation angle between À70 and À90 , were for reference only. As shown in Fig. 4 , the loudness ratio varied depending on the arrival direction of the sound. In particular, it was higher than that at the center of the head (R s,e > 1) in the case of almost all sound-arrival directions. The highest loudness ratio in this measurement was 1.9 at ð; 0Þ ¼ ðÀ40
; À10 Þ. It is therefore concluded that the summed loudness measured at both ears by using a dummy head changed compared with that at the center of the head when using an omnidirectional microphone with a signal used as white noise.
Subjective Test
As described in the previous subsection, the results of the measurements done using the dummy head show that loudness varied depending on the arrival direction of sound. This section is a description of subjective tests done to verify the tendency of loudness measured by using the dummy head.
Methods
The measurement setup for a single sound source is shown schematically in Fig. 5 . A chair for a subject was installed at the center of a hemi-anechoic chamber in which an absorber was installed on the floor. The front of the subject was defined as being positioned at an elevation angle of 0 and an azimuth angle of 0 . A loudspeaker (Genelec 8020C) was set at a height of 1,150 mm, i.e., the same height as the center of the subject's head, and an Signal output from each loudspeaker was used as white noise. Data, in region where elevation angle between À70 degrees and À90 degrees, were for reference only, because of influence of diffraction effects caused by desk and turntable.
elevation angle of 0 (as the middle stage). Loudspeakers were set on a frame at elevation angles of 20 (as the upper stage) and À20
(as the lower stage) relative to the front of the subject. The distance between each stage and the center of the subject's head was 2,000 mm. In addition, the loudspeakers were arranged at azimuth-angle intervals of 45
. Therefore, the total number of sound sources in the subjective test was 24. A PC was used that was equipped with an audio interface (RME MADIface XT) and MADI (AD/DA with I/F, DirectOut Technologies ANDIAMO 2) devices. The PC was used for controlling the outputs from each loudspeaker.
As a stimulus sound, a standard stimulus, i.e., a sound arriving from the front of the subject, was first presented to the subject for 5 seconds. Then, after a quiet period of 1 second, a comparison stimulus, namely, a sound arriving from 1 of 24 directions, including the front of the subject, was presented for 5 seconds. After the comparison stimulus, an answer period of 4 seconds was set as an answer time. The total time for listening to the sounds and answering was therefore 15 seconds. The standard and comparison stimuli were three one-third-octave-band noises with center frequencies at 500 Hz, 1 kHz, and 5 kHz. The subject judged the sound strength of the comparative stimulus compared with that of the standard stimulus on a seven scale. The stimulus output of each loudspeaker was adjusted by using a sound level meter (RION NL-32) so that the sound pressure level (75 dB) at the center of the subject's head (at a height of 1,150 mm from the floor) was the same for all directions.
The subjects were eight people (of which seven were males) aged between 21 and 30 years (average age of 24.3) with normal hearing ability. The presentation order of a pair of stimulus sounds was random for each subject.
Results
In this subjective test, it was confirmed by analysis of variance (ANOVA) ( p < 0:001) that the subjects could judge the sound strength of the comparative stimulus compared with that of the standard stimulus.
The Fig. 6 , respectively. In the upper figures, the vertical axis shows the average of the scores for all subjects, and the scores for the standard stimulus, i.e., the sound arriving from the front of the subject, were set to zero as a reference. The horizontal axis of these figures is the azimuth angle, which means the arrival direction of the sound from the front of the subject.
From the scores of the subjective test at the three frequencies shown in the upper figures, it is clear that the scores for the azimuth angles of AE90 and AE135 were higher than that for the front of the subject, i.e., zero. At 1 kHz, the score for an elevation angle of À20 was higher than those for elevation angles of 0 and 20 . At 5 kHz, however, the scores for azimuth angles of AE135 and 180
were lower than that for the front of the subject, i.e., zero. The variations in scores tended to be similar to that of the previous study [19] , in which the effect of the arrival direction of a single sound source on loudness was investigated in a subjective test. As shown in Fig. 6 , the scores of the subjective test and those of the measurement using the dummy head tended to be similar. The standard deviations of the scores obtained in the subjective test at 5 kHz ranged between 1.0 and 1.5 and were larger than those obtained at 500 Hz and 1 kHz (both about 0.5). This discrepancy in scores is assumed to be due to the fact that the size and shape of the subjects' heads and auricles individually differed. In other words, their head-related transfer functions differed, especially at high frequencies.
MEASURING LOUDNESS FOR DISTRIBUTED SOUND SOURCES
As described in the previous section, the variation in loudness for a single sound source tended to be similar to that of the previous study. However, a large number of sound sources inside the closed spaces of many manufactured products, such as trains, are often widely distributed in that space. This section provides changes in loudness for distributed sound sources measured by using a dummy head and a subjective test to verify the tendency of loudness measured by using the head.
Measurement Using Dummy Head

Method
In the measurement setup shown in Fig. 5 , the chair and subject were replaced by a dummy head, turntable, and stand covered with an absorber. The loudspeakers were set at azimuth angles every 30
. Therefore, the total number of loudspeakers used for measurement was 36. The front of the dummy head was positioned at an elevation angle of 0 and an azimuth angle of 0 . In addition, the head was rotated counter-clockwise at azimuth-angle intervals of 15 by using the turntable, and the loudness at each azimuth angle was measured. Other than the those modifications, the measurement setup using the dummy head was the same as that in the subjective test described in Sect. 3.2.
Furthermore, the dummy head, turntable, and stand were removed to compare loudness measured by using the head with that measured according to the standard procedure. The loudness obtained by the microphone (Brüel & Kjaer Type 4190), assumed to be omnidirectional, that was set at the center of the head was measured. The loudspeaker was set only in front of the head in this measurement.
The signal output from each loudspeaker was used as white noise. The sampling frequency was 48 kHz, and the duration of the analysis signal was five seconds. A PC was used that was equipped with an audio interface (RME MADIface XT) and MADI (AD/DA with I/F, DirectOut Technologies ANDIAMO 2) devices. The signals obtained by the microphones were amplified by a preamplifier (Brüel & Kjaer Type 2690). The PC was used for controlling the outputs and obtaining the signals.
As a means of realizing the distribution width of a sound source, sound sources distributed by several loudspeakers were used. The sources for the measurement using the dummy head are shown in Table 1 . The sources were distributed so that the sound radiated from at least one adjacent sound source (loudspeaker) in the elevation or azimuth direction (excluding the source in front of the head). In this measurement, three types of distributions were set in the elevation direction: middle, middle and lower, and upper, middle, and lower, shown in Table 1 (a). The distributions were set from 0 to 360 at azimuth-angle intervals of 30 , shown in Table 1 (b). When the elevation and azimuth directions radiating from a sound source increase, the distribution width of the sound source is wide. The total number of distributed sound sources used in the measurement was 36. The signal outputs of each loudspeaker constituting a sound source were uncorrelated, and the outputs were adjusted by using a sound level meter (RION NL-32) so that the sound pressure level at the center of the head was the same for all distribution widths.
Results
For the results of the measurement, the loudness ratio R d,p is defined as: where is the center angle used as the azimuth angle of the distributed sound source from the front of the dummy head, and are the elevation and azimuth width of the distributed sound source, N d,p,sum is partial loudness measured by using a dummy head, and N d,p,ref is partial loudness used as a reference for calculating the loudness ratio. Shown in Fig. 7 is the variation in loudness ratio R d,p at 5 kHz with reference to the center of the dummy head
for the distributed sound source positioned at an elevation angle of 0 . The horizontal axis of this figure is the center angle of the distributed sound sources from the front of the head, i.e., center direction in which the distributed sound arrives, and the vertical axis is the azimuth width of the distributed sound source. The loudness ratios, except for those obtained under the conditions listed in Table 1 , were linearly interpolated.
,sum is equal to N d,p,mon (the color of the contour shown in Fig. 7 is white) , which is the standard loudness measured by using an omnidirectional microphone.
As shown in Fig. 7 , when the azimuth width was the same, the loudness ratio was high near the center angle of 0 (front of the head). In other words, as the center of the distributed sound source moved from the front to the leftor right-ear side, the loudness ratio decreased. In addition, the loudness ratio was greater than 1 (R d,p > 1) at all center angles and azimuth widths. That is, all loudness measured under these conditions was higher than that at the center of the head. The maximum loudness ratio determined by this measurement was 2.7 for the azimuth width from 90 to 270
and at the center angle of 0 . It is therefore concluded that loudness changes depending on the center angle and width of a distributed sound source. The changes are believed to depend on how much the distribution width is included in the direction in which the loudness changes higher or lower than before the changes.
Subjective Test 4.2.1. Method
The subjective-test setup for distributed sound source was the same as that described in Sect. 3.2.
As a stimulus sound, the standard stimulus was a sound arriving from the front of the subject. The stimulus used for comparison was the distributed sound sources described in Sect. 4.1. For the elevation width, three types of distributions, which were the same as those described in Table 1 (a), were set: middle, middle and lower, and upper, middle, and lower. The center angle and azimuth width of the distributed sound sources used for this subjective test are shown in Table 2 . The sound sources were distributed so that a sound radiated from at least one adjacent sound source (loudspeaker) in the elevation or azimuth width. First, a case where the center angle of the distributed sound sources was positioned in front of the subject was defined. The sound sources were distributed so that the sound radiated from at least one adjacent sound source in the azimuth angles (AE30 ). That is, the number of distribution widths was seven, and they were 0 (only front of the . In the test, three types of the center angle of the distributed sound sources were set at azimuth angles of 0 (front of the subject), 30
, and 90 . Therefore, the total number of distributed sound sources set in the subjective test was 21.
The standard stimulus was first presented to the subjects for 5 seconds. Then, after a quiet period of 1 second, the comparison stimulus was presented for 5 seconds. After the comparison stimulus, an answer period of 4 seconds was set as an answer time. The total time for listening to the sounds and answering was therefore 15 seconds. The standard and comparison stimuli were three one-third-octave-band noises with center frequencies at 500 Hz, 1 kHz, and 5 kHz. The stimulus output of each loudspeaker constituting a distributed sound source was adjusted by using a sound level meter (RION NL-32) so that the sound pressure level (70 dB) at the center of the subject's head (at a height of 1,150 mm from the floor) was the same for all center angles and distribution widths.
The subjects were 10 people (all males), aged between 21 and 30 (average age 24.3) with normal hearing ability. The presentation order of a pair of stimulus sounds was random for each subject.
Results
In this subjective test, it was confirmed by ANOVA ( p < 0:05) that the subjects could judge the change in sound strength of the comparative stimulus compared with that of the standard stimulus.
The scores of the subjective tests and variations in loudness ratio at 500 Hz, 1 kHz, and 5 kHz in the case for distributed sound sources positioned at an elevation angle of zero degrees are shown in Fig. 8 , respectively. The upper figures show the scores of the subjective tests, and the lower figures show the loudness ratio R d,p with reference to the front of the dummy head (
; 0 ; 0 ; f Þ) obtained by the measurement with the head described in Sect. 4.1. From the scores of the Table 2 Distributed sound sources used for subjective test. Center angle of distribution width was defined by azimuth angle from front of subject, and distribution width was represented by azimuth angle.
(a) Subjective test (b) Measurement using dummy head subjective test at the three frequencies shown in the upper figures, the scores for center angles of 0 and 30 were much the same under the conditions of an azimuth width of 60 or wider except for some data. The score for the center angle of 90 was higher than that of the center angle of 0 under the conditions of an azimuth width of 0 . However, when the azimuth width expanded from 0 to 360 , the score variation in the center angle of 90 was lower than that of the center angle of 0 , and the scores for center angles of 0 and 90 were much the same under the conditions of an azimuth width of 300 or wider. At 5 kHz, when the azimuth widths expanded up to 180
, the difference between the scores for center angles of 90 and the others (0 and 30 ) was large. On the other hand, when the azimuth width of 240 or wider, the difference between the scores for center angles of 90 and the others was small. They tended to be similar in the color difference of the loudness ratio of the measurements with the dummy head shown in the lower figures.
Additionally, shown in the lower figure at 5 kHz, the loudness ratio in the area of the center angles from 120 to 180
and from À120 to À180 (back side) and the azimuth widths expanded up to 180 was less than 1 (R d,p < 1). Therefore, when the center angle and azimuth width of the distributed sound source were in the area, the loudness was smaller than that with reference to the front of the dummy head.
VARIATION IN LOUDNESS
From the results shown in Figs. 6 and 8, it was revealed that the loudness obtained by the measurement using the dummy head tended to be similar to that obtained by the subjective test. It is therefore possible to quantitatively determine loudness, which varies depending on the arrival direction and distribution width of the sound source. The loudness ratios represent the sound pressure level (SPL) used as a noise-evaluation index using the loudness level. According to the normal equal-loudness-level contours [20] , the difference between two pure sounds with different loudness levels at 400 Hz or higher is much the same as the difference between SPLs (<1 dB). The difference in partial loudness level for a single sound source with a very narrow-distribution width is expressed as a differential SPL ÁS p (dB) given as:
where L s,p,sum is the partial loudness level of the summation of SPLs obtained at the left and right ears of a dummy head for a single sound source, and L s,p,ref is the partial loudness level used as a reference for calculating the differential SPL for a single sound source. The conversion formula from partial loudness N p to partial loudness level L p is given as follows.
Additionally, the difference in partial loudness level for a distributed sound source with a certain width is expressed as a differential SPL ÁD p (dB) given as:
where L d,p,sum is the partial loudness level of the summation of SPLs obtained at the left and right ears of a dummy head for a distributed sound source, and L d,p,ref is partial loudness level used as a reference for calculating the differential SPL for a distributed sound source. Listed in Table 3 are differences in SPLs corresponding to a given sound source distribution at 500 Hz, 1 kHz, and 5 kHz with reference to the center of the dummy head
; 0 ; f Þ for a single sound source and
; 0 ; 0 ; f Þ for a distributed sound source]. The left tables show the differences in SPLs for a single sound source described in Sect. 3.1., and the right tables show the differences in SPL for distributed sound sources, of which the center angle was positioned at an elevation angle of 0 . As shown in the left tables, at an elevation angle of 0 , when the azimuth angle of a single sound source, i.e., the arrival direction of a sound, changed from 0 to AE90 at 1 kHz, the SPL increased by around 2 dB (% 4:8 À 2:9 dB). Additionally, at an elevation angle of 0 , when the azimuth angle of a single sound source changed from 0 to AE90 at 5 kHz, the SPL increased by around 1 dB (% 13:0 À 12:1 dB), and when the azimuth angle of a single sound source changed from 0 to AE180 at 5 kHz, the SPL decreased by around 3 dB (% 8:7 À 12:1 dB). These levels, of which the arrival direction of a sound was at an elevation angle of 0 , tended to be similar to those of the previous study [19] . For the distributed sound sources, at 1 kHz shown in the right tables, when the azimuth width expanded from 0 to 120 , the SPL increased by around 2 dB (% 5:3 À 3:2 dB).
By using such a table, it is possible to quantitatively determine the variation in loudness with SPL when the arrival direction and distribution width of a sound source in a product are acquired or when the direction and width are changed. To acquire the direction and width, delay-andsum beamforming techniques, for example, are used. By using these techniques, the variation in loudness determined in consideration of the arrival direction and distribution width of a sound source can be applied to noise evaluation, and the loudness in products can be improved for listeners by using a noise-evaluation index.
In this study, however, the types of distributed sound sources were limited, especially the elevation width ranged between À20 and 20 . A large number of sound sources are often widely distributed exceeding the elavation width in the enclosed space created by such as trains. Therefore, it is necessary to obtain the variation in loudness in consideration of distributed sound sources in 4% space. Additionally, the direction of the head of a person was fixed in this study, i.e., the arrival direction of sound was defined as reference to the front of the dummy head, but it is not fixed normally. Therefore, the acoustic-design guidelines (based on loudness) for controlling a certain loudness in the usage environment of products can be obtained by monitoring the movement of the head, the movement range, the arrival direction of a sound, and the frequency characteristics. These are problems to be solved in the future.
CONCLUSION
To determine loudness for noise evaluation in consideration of the arrival direction and the distribution width of a sound, loudness was measured by using a dummy head, and subjective tests were conducted in order to verify the tendency of loudness measured by using the dummy head. Two sound source types with differing widths were used: a single sound source with a very narrow width and distributed sound sources with a certain width. As the result of measurement using a dummy head and subjective tests, the loudness varied depending not only on the arrival direction of a sound as reported in previous studies but also on the distribution width of the sound source. Additionally, the loudness differed from that at the center of the dummy head in the standard procedure with an omnidirectional microphone. The variations in loudness obtained by the measurements using the dummy head and those obtained in the subjective tests tended to be similar. When the arrival direction and distribution width of a sound source were acquired or changed, additionally, the variation in loudness can be quantitatively determined as sound pressure level. 
